We study the synthesis, electrochemical and mechanical performance of layered freestanding papers composed of acid exfoliated few layer molybdenum disulfide (MoS 2 ) and reduced graphene oxide (rGO) flakes for use as a self-standing flexible electrode in sodium ion batteries. Synthesis was achieved through vacuum filtration of homogenous dispersions consisting of varying wt. % of acid treated MoS 2 flakes in GO in DI water, followed by thermal reduction at elevated temperatures. The electrochemical performance of the crumpled composite paper (at 4 mg.cm -2 ) was evaluated as counter electrode against pure Na foil in a half-cell configuration. The electrode showed good Na cycling ability with a stable charge capacity of approx.
Lithium ion batteries (LIBs) have been extensively studied for energy-storage applications like portable electronic devices and electric vehicles. [1] [2] [3] However, concerns over the cost, safety and availability of Li reserves 4 for large-scale applications involving renewable energy integration and the electrical grid have to be answered. In this regard, sodium ion batteries (SIBs) have drawn increasing attention because in contrast to lithium, [5] [6] [7] sodium resources are practically inexhaustible and evenly distributed around the world while the ion insertion chemistry is largely identical to that of lithium. Also, from electrochemical point of view, sodium has a very negative redox potential (-2.71 V, vs. SHE) and a small electrochemical equivalent (0.86 gAh -1 ), which make it the most advantageous element for battery applications after lithium. However, many challenges remain before SIBs can become commercially competitive with LIBs. For instance, Na ions are about 55% larger in radius than Li-ions, which makes it difficult to find a suitable host material to allow reversible and rapid ion insertion and extraction. 8 To this end, researchers have proposed a number of high-capacity sodium host materials (negative electrode) involving either carbon or group IVA and VA elements that form intermetallic compounds with Na. [9] [10] [11] [12] [13] The alloying compounds demonstrate high first cycle Na-storage capacities, such as Na 15 Sn 4 (847 mAhg -1 ), Na 15 Pb 4 (485 mAhg -1 ), Na 3 Sb (600 mAhg -1 ) and Na 3 P (2560 mAhg -1 ), respectively.
However, this comes at the cost of very high volume change upon Na-insertion (as much as 500 % in some cases), resulting in formation of internal cracks, loss of electrical contact, and eventual failure of the electrode (particularly for thick electrodes). 14 Novel nanostructured designs that can accommodate large volumetric strains need further exploration. [15] [16] [17] [18] For carbon-based electrode materials, much of the emphasis has been on hard carbons due to large interlayer spacing and disordered structure. [19] [20] [21] [22] [23] [24] [25] For example, hard carbon prepared from pyrolyzed glucose, carbon black, and carbon microspheres have been shown to exhibit initial reversible capacities of 300 mAhg -1 , 200 mAhg -1 , and 285 mAhg -1 , respectively in a Na-ion cell. [15] [16] [17] More recently, another hard carbon material that could deliver a reversible capacity of more than 200 mAhg -1 over 100 cycles has been reported. 22, 25 However, these studies were conducted on traditional anode architecture (prepared through slurry coating of active material on metallic current collector foil and the capacities reported were with respect to the active material only), either at low cycling current rates or at elevated temperatures. Overall, new electrode design and concepts based on chemistry other than alloying and ion intercalation must also be explored to realize improved performance in Na-ion batteries under normal operating conditions.
Studies on Li- temperatures, and (c) mechanical characterization that highlight the high strain to failure in these composite papers.
Results and Discussions
Layered "as-obtained" MoS 2 was exfoliated by mechanical sonication in chlorosulfonic acid followed by quenching in DI water (see methods section). A digital image of the acid treated MoS 2 dispersion immediately after quenching in DI water is shown in Fig. 1a . From SEM observations, the particle size for MoS 2 -raw was observed to be approx. 20 to 40 µm (Fig. 1b) while that of MoS 2 -SA was less than 20 µm (Fig. 1c) . Shown in Fig. 1 surface. This dependence of surface potential on pH is similar to that observed for exfoliated (surface-functionalized) graphene sheets by Coleman's group. 51 Further, we used their model for graphene stabilization mechanism for explaining the superacid−MoS 2 interaction mechanism (see Supporting Information). 51, 52 Fig. 1g is the plot for total interaction energy per unit area of the sheet (V T /A).
Further analysis involved Raman spectroscopy and X-ray diffraction before and after acid treatment. Raman spectrum (Fig. 1h) peak results from opposite vibration of two S atoms with respect to the Mo atom while the A 1g peak is associated with the out-of-plane vibration of only S atoms in opposite directions. 53, 54 The intensity of A 1g peak arises from the resonance Raman (RR) scattering, because the incident laser is in resonance with the direct bandgap (~1.96 eV) at the K point. The asymmetric 2LA(M) peak is associated with second-order zoneedge phonon (LA(M)) and a first order optical phonon peak (A 2u ). [55] [56] [57] [58] These results along with electron microscopy results suggests that the structure is relatively solution, which is shown with the help of a schematic in Fig. 2a , while Fig. 2b is the digital image of one such paper synthesized using this technique. SEM images in were present in the starting material were also present in the free-standing paper.
Notable change was observed in the intensity of oxygen (O1s) and carbon (C1s) peaks for 60MoS 2 specimen (before and after reduction) due to addition of GO. (Fig. 3 a, b) , the domination of Na intercalation in MoS 2 over rGO increased which was evidently seen with increase in the intensity of the reduction peak at around 0.8 V and 0.9 V in the first cycle (peak at 580 mV observed in rGO electrode was relatively absent). In the case of 60MoS 2 -raw ( Supplementary Fig. S7 g,h) electrode, similar peaks to that of 60MoS 2 were observed.
Later, reaction kinetics of rGO and 60MoS 2 electrodes were compared by performing Galvanostatic intermittent titration (GITT) cycling and calculating the reaction resistance to Na insertion and extraction for the two electrodes. For rGO electrode ( Supplementary Fig. S8 a, c, e), the reaction resistance for Na insertion was observed to be fairly constant at ~10 Ohm.g (or less) while it increased exponentially to ~50 Ohm.g in case of Na extraction at an extraction voltage of ~ 1.25 V. For MoS 2 electrode ( Supplementary Fig. S8 b, d, f), reaction resistance increased gradually to ~20 Ohm.g during Na insertion. However, for the extraction half, the resistance remained stable at ~20 Ohm.g until approx. 2.5 V and then saw a sudden increase reaching ~50 Ohm.g. The sudden increase in reaction resistance could be attributed to successive stage transformation processes during sodiation/desodiation or lithiation/deliathiation observed in layered intercalation compounds. 66 Interestingly, both the electrodes showed a reaction resistance value of ~10 Ohm.g during initial insertion (discharge) in the upper voltage range of 2 to 1.0 V ( Supplementary Fig. S8 c, d ). This suggests that the initial Na insertion in 60MoS 2 composite electrode in the upper voltage range could be an intercalation reaction, which is later, followed by a conversion type reaction in the lower voltage range (indicated by rise in resistance). Later, the composite paper electrode with maximum possible MoS 2 loading (i.e., 90 % MoS 2 in rGO) was cycled under similar conditions ( Supplementary Fig. S9 ).
However, these papers were very brittle and required special handing during cell assembly. The first cycle discharge and charge capacities were observed to 943 and 347 mAhg -1 , respectively. Even though the first charge capacity was higher than other composite electrodes, the electrode started to show random spikes in the voltage profile with capacity drop after the second cycle itself. Therefore, rate capability tests were only performed on the best performing electrode specimen
i.e., 60MoS 2 . As shown in Fig. 3d Table S3 .
Further, to check the integrity of the electrode specimen, the cells were disassembled and the electrode recovered for further characterization.
Supplementary Fig. S10 shows the digital photographs (a-e), low resolution (f-j) and high-resolution (k-o) SEM images of the dissembled cells after 20 cycles. No evidence of surface cracks, volume change or physical imperfections could be observed in the SEM image, suggesting high mechanical/structural strength of the MoS 2 /rGO composite paper. In all cases, the evidence of formation of a thin layer covering the electrode surface, possibly the SEI layer could be observed. The contamination in the specimen, indicated by the arrows, is from the residue of glass separator fibers. Also, these anodes may have been exposed to air during the transfer process resulting in oxidation of Na species, which appeared as bright spots in the images (due to its non-conducting nature). Supplementary Fig. S11 shows the images obtained by EDX mapping of the electrode surface. Fig. 4 (a) show degradation of MoS 2 sheets and possible amorphization (ring like SAED pattern). 67 Complementing results were observed in XRD and XPS analysis of the fully sodiated electrode as shown in Fig. 4 (b) and Supplementary Fig. S12 , respectively. Broad
Mo peak and Na-S peaks could be identified in both XRD (Mo at 29°, Na-S at 72° 2θ) and XPS (Mo at 231 eV, Na-S at 160.6 eV) spectrum. Also, the primary MoS 2 peak at 14° 2θ (002) appeared broadened, further indicating degradation of MoS 2 structure, most likely due to a conversion type reaction with Na-ions.
68-70
Based on the voltage profiles, differential capacity plots, GITT cycling data and post cycling analysis, we predict the mechanism of Na-ion's reaction with MoS 2 -graphene composite to be a combination of intercalation and conversion type reaction that is generally observed in Li/TMDC 34 and cathodes for Na-ion batteries. [71] [72] Supplementary Fig. S13 shows an idealized rGO/MoS 2 structure (in reality however the acid treated MoS 2 sheets are wrapped by much larger rGO sheets) to illustrate the predicted reaction mechanism in 2.0 to 0.1 V range.
Step 1 is seen as a combination of Na intercalation reaction into the ordered MoS 2 (~0.9 V) and later into the disordered Na x MoS 2 layers (~0.8 V). While step 2 represents the conversion reaction resulting in breakdown of MoS 2 in to Mo and Na 2 S, as can be seen in the TEM (Fig. 4a) , XRD (Fig. 4b) , and XPS data from the fully sodiated cell in Supplementary Fig. S12 (further confirmed by the lower voltage plateau at ~0.12
V, that was not observed in the discharge of rGO electrode, Supplementary Fig.   S7a ). A more detailed analysis may be obtained from in-situ synchrotron powder diffraction 74 and spectroscopy studies similar to as demonstrated by Grey's group on LIBs.
75,76
The tensile strength and strain to failure are important parameters for any flexible battery electrode. Therefore, the rGO, 40MoS 2 and 60MoS 2 papers were subjected to static uniaxial tensile testing in a custom built set-up (see methods and Fig. 5a ).
As can be seen, the specimen strip is secured on one end by a computer controlled movable stage, while the other end is fixed to a load cell, which in turn is fixed to an immovable stage. Engineering stress-strain plots derived from loaddisplacement data are shown in Fig. 5b. 40MoS 76 These values are however, much lower than GO papers but this is hardly surprising considering that our papers were annealed at high temperatures (500 °C for 2h and 900 °C for 5 min) and the mechanical strength of GO generally decreases with increasing annealing temperatures caused by release of oxygen groups that disturbs the structure of the paper resulting in a highly crumpled configuration. 77 The strain to failure was higher in case of 60MoS 2 specimen reaching values in excess of approx. 2 %. A total of five specimens were tested for 40MoS 2 and 60MoS 2 paper each that are shown in the photographic image in Fig. 5c and d, respectively. Data is summarized in Table 1 . Fig. 5e and f are the corresponding SEM images of the fractured edge for 40MoS 2 and 60MoS 2 , respectively. The edge was observed to be more regular and smooth for 60MoS 2 than for 40MoS 2 . The variation in strain to failure for the composite specimen is attributed partially to the likely inhomogeneity in the specimens (large size of the paper and higher loading 4 mg.cm -2 ) and crumpled nature of the rGO layers.
Subsequently, combined with observations in SEM images, 60MoS 2 had even larger variation in failure strain as the more slippery MoS 2 sheets can slide better than crumpled rGO sheets.
Conclusion
We have demonstrated synthesis of a composite layered paper consisting of acid exfoliated MoS 2 nanoflakes in an rGO matrix. Mechanical tests involving static uniaxial tension reveal mechanical strength that was approx. 2 to 3 MPa and high failure strain (approx. 2 %) in these materials. Further, the composite paper was directly utilized as counter electrode in Na-ion battery half-cell and its performance was evaluated as a potential anode for use in a Na-ion battery full cell. These tests 
